The aim of this study was to identify an epidemiological association between Shiga toxinproducing Escherichia coli O157 : H7 strains associated with human infection and with food sources. Frequency distributions of different genetic markers of E. coli O157 : H7 strains recovered from human and food sources were compared using molecular assays to identify E. coli O157 : H7 genotypes associated with variation in pathogenic potential and host specificity. Genotypic characterization included: lineage-specific polymorphism assay (LSPA-6), clade typing, tir (A255T) polymorphism, Shiga toxin-encoding bacteriophage insertion site analysis and variant analysis of Shiga toxin 2 gene (stx 2a and stx 2c ) and antiterminator Q genes (Q 933 and Q 21 ). The intermediate lineage (LI/II) dominated among both food and human strains. Compared to other clades, clades 7 and 8 were more frequent among food and human strains, respectively. The tir (255T) polymorphism occurred more frequently among human strains than food strains. Q 21 and Q 933+Q21 were found at significantly higher frequencies among food and human strains, respectively. Moreover, stx 2a and stx 2a+c were detected at significantly higher frequencies among human strains compared to food strains. Bivariate analysis revealed significant concordance (P,0.05) between the LSPA-6 assay and the other typing methods. Multivariable regression Abbreviations: HP, hairpin; HUS, haemolytic uraemic syndrome; LSPA-6, lineage-specific polymorphism assay; SBI, Shiga toxin bacteriophage insertion; STEC, Shiga toxin-producing Escherichia coli; stx 1 , Shiga toxin 1; stx 2 , Shiga toxin 2.
INTRODUCTION
Shiga toxin-producing Escherichia coli (STEC) is a common food-borne zoonotic pathogen of global significance (Nataro & Kaper, 1998) . E. coli O157 : H7 is an important E. coli serotype isolated from patients with foodborne illness that represent a considerable public health problem worldwide (Lee et al., 2011) . Human infection is usually transmitted through direct contact with the ruminant reservoir or indirectly through ingestion of contaminated food or water (Mainil & Daube, 2005) . E. coli O157 : H7 causes symptoms ranging from asymptomatic carriage to progressive sequelae extending from bloody diarrhoea, haemolytic colitis, to haemolytic uraemic syndrome (HUS), giving rise to the designation of this pathogen as enterohaemorrhagic E. coli (EHEC) (Rangel et al., 2005) .
To assess the public health risks associated with E. coli O157 : H7, it is crucial to understand the phenotypic and genotypic differences among strains from clinical illness, as well as from their sources of infection, that might enable better prediction of clinical and epidemiological outcomes (Stanton et al., 2014) . Molecular typing and microbial genomics have facilitated the characterization and comparison of E. coli O157 : H7 strains recovered from different isolation sources demonstrating non-random distribution of genotypes among clinical and non-clinical strains (Besser et al., 2008; Franz et al., 2012; Hartzell et al., 2011; Lee et al., 2011; Whitworth et al., 2010; Yang et al., 2004; Yokoyama et al., 2011; Zhang et al., 2010; Ziebell et al., 2008) . In addition, several epidemiological studies supported the growing evidence of substantial variability in the virulence of E. coli O157 : H7 genotypes implicated in different outbreaks and variation in patient symptoms (Besser et al., 2008; Grant et al., 2008; Manning et al., 2008) . The lineage-specific polymorphism assay (LSPA-6) uses six loci derived from octamer-based genome scanning that differentiate E. coli O157 : H7 into three lineages (LI, LI/II and LII) that display apparent differences based on virulence potential as well as isolation sources (Lee et al., 2011; Zhang et al., 2010; Ziebell et al., 2008) . Another subtyping scheme based on 32 SNPs has been recently developed to distinguish E. coli O157 : H7 strains into nine distinct evolutionary clades, with clade 8 exhibiting more virulence and more association with severe disease outcome than other clades . The tir (A255T) polymorphism for E. coli O157 : H7 is the SNP in the tir gene [tir (255T) and tir (255A)]. This gene encodes a translocated intimin receptor that mediates adhesion to mammalian cells and the formation of attaching and effacing (A/E) lesions through binding to intimin (Kaper et al., 2004) . Some investigators previously suggested that tir (255T) harbouring strains are more virulent in humans than tir (255A) harbouring strains Franz et al., 2012; Mellor et al., 2013) . Shiga toxin bacteriophage insertion (SBI) site analysis relies on amplification of the stx toxin genes (stx 1 and stx 2 ) and the insertion site junctions of their encoding bacteriophages that can be used as a valuable genotyping technique to distinguish E. coli O157 : H7 strains, based on their distribution, gene expression and virulence potential (Besser et al., 2008; Shaikh & Tarr, 2003) . Moreover, Shiga toxin 2 variants (stx 2a and stx 2c ) and stx 2 -Q antiterminator gene variants are clinically relevant genetic markers among E. coli O157 : H7 (Ahmad & Zurek, 2006; Persson et al., 2007) .
The aim of this study was to determine the genetic diversity and variability in frequencies of distribution of different genetic markers among E. coli O157 : H7 strains recovered from food and human clinical sources, using a combination of molecular subtyping methods. Consequently, from this characterization it was assessed if human clinical strains were more represented by specific genotypes of E. coli O157 : H7 and at which frequency these genotypes or markers were present in food strains. Furthermore, the correlation between various genetic markers was assessed to facilitate the prediction of pathogenic clones through food-borne transmission.
METHODS
Bacterial strains. A total of 170 E. coli O157 : H7 strains isolated from Belgium during the period 2000-2013 were used in this study (food, n570; human, n5100). Human clinical strains were collected by the Belgian national VTEC reference laboratory (UZ Brussels). The majority of the strains originated from humans suffering from diarrhoea, bloody diarrhoea, HUS or asymptomatic infection. Food strains were obtained from food samples of cattle origin including swabs from cattle carcasses, beef, minced beef and raw-milk cheese. Food strains were obtained by the Belgian national VTEC reference laboratory, the Scientific Institute of Public Health (WIV Brussels), the Department of Veterinary Public Health and Food Safety (Ghent University) and the Belgian Food Safety Authority (FAVV/AFSCA Brussels). All strains possessed either the gene encoding Shiga toxin 1 (stx 1 ), Shiga toxin 2 (stx 2 ) or both, identified by PCR analysis. Only unique strains per isolation source verified by PFGE were included in this study after selection from a total of 235 strains. Bacterial strains were stored at 280 uC using Pro-Lab Microbank cryovials (Pro-Lab) according to the manufacturer's instructions. Strains were cultured on Tryptone Soy Agar (TSA; Oxoid) and incubated aerobically at 37 uC for 24 h. Genomic DNA was extracted from tested strains as described (Flamm et al., 1984) . The concentration and purity of the purified DNA were determined by measuring l 260 nm and the A260/ 280 ratio, using the Nanodrop ND-1000 UV-VIS Spectrophotometer (Nanodrop Technologies).
Pulsed-field gel electrophoresis. PFGE was performed to determine non-identical strains for genotypic characterization. PFGE for tested E. coli O157 : H7 strains was performed using the restriction endonuclease XbaI, according to the Pulse Net protocol from the Centers for Disease Control and Prevention (Ribot et al., 2006) . Images were analysed in BioNumerics version 6.5 (Applied Maths). The difference of at least one band was used as the criterion to distinguish one pulsotype from another.
Lineage-specific polymorphism assay (LSPA-6). The LSPA-6 assay was performed in two multiplex PCRs using primer sequences and cycling conditions previously described (Table S1 , available in the online Supplementary Material). Amplification was performed using an Applied Biosystems GeneAmp 9700 thermal cycler. After amplification, equal volumes of PCR products from both reaction mixtures were mixed together and a 10 ml aliquot of this combined mixture was loaded on 3 % Metaphor agarose gel (Lonza) and visualized by staining with ethidium bromide. Images were analysed in BioNumerics version 6.5 (Applied Maths). Alleles shared with the lineage I control strain (93-001) were designated 1, and those shared with the lineage II control strain (FRIK 1999) were designated 2. Unique alleles were designated 3, and a zero character was assigned if no band was detected . All different genotypes were generated and assigned in the order previously described Ziebell et al., 2008) . LSPA-6 control strains (93-001 and FRIK 1999) were both obtained from Dr Edward Dudley at Penn State University and Dr Victor Gannon at the Laboratory of Food-Borne Zoonosis, Public Health Agency of Canada.
Clade typing. Clade typing was performed to differentiate E. coli O157 : H7 strains to nine different clades using hairpin (HP) primers targeting eight specific SNPs located in eight open reading frames (ORFs) as previously described . For each SNP, three primers were designed: two HP primers, each of which was specific for either the wild-type (reference) SNP or the mutant (diagnostic) SNP, and a conserved non-HP primer (Table S1 ). The assay was performed under the cycling conditions previously described (Riordan et al., 2008) and results were analysed with LightCycler 480 (Roche Diagnostics) using the LightCycler 480 software. Difference in critical threshold (CT) values between reference and diagnostic primers was used to interpret different clade types as published (Riordan et al., 2008) .
tir (A255T) polymorphism assay. E. coli O157 : H7 strains were genotyped for the tir 255 T.A allele by real-time PCR genotyping using primers, probes and cycling conditions as described (Table S1 ).
SBI genotyping. SBI genotypes of strains were determined as published (Besser et al., 2008; Shaikh & Tarr, 2003) with minor modification. Amplification of yehV or wrbA was performed in two multiplex PCRs for detection of bacteriophage integration and amplification of stx 1 and stx 2 genes was performed in two uniplex reactions as described (Botteldoorn et al., 2003) . Multiplex no. 1 included the right wrbA-bacteriophage junction and the left yehVbacteriophage junction. Multiplex no. 2 included the left wrbAbacteriophage junction and the right yehV-bacteriophage junction. Amplification was performed using Applied Biosystems GeneAmp 9700 thermal cycler with primer sequences and cycling conditions previously described (Shaikh & Tarr, 2003) (Table S1 ). PCR amplicons were coded for six characters (0 for absence and 1 for presence) in the following order: stx 1 , stx 2 , yehV-left, yehV-right, wrbA-left and wrbA-right and SBI genotypes were assigned as published (Whitworth et al., 2008) .
Detection of stx 1 , stx 2a and stx 2c variants. Detection of stx 1 and stx 2 genes was performed by PCR using primer sequences and cycling conditions previously described (Botteldoorn et al., 2003) (Table S1 ). Isolates that showed a positive result for stx 2 were further tested for the presence of stx 2a and stx 2c by their respective PCR (Wang et al., 2002) .
Detection of Q 933 and Q 21 alleles. The bacteriophage antiterminator gene alleles (Q 933 and Q 21 ) were detected by PCR using the Applied Biosystems GeneAmp 9700 thermal cycler with the primer sequences and cycling conditions described by Ahmad & Zurek (2006) (Table S1 ).
Statistical analysis. Statistical analysis was carried out using SPSS version 18.0 (SPSS). Data output of analyses with P-values less than 0.05 were considered statistically significant. Differences in frequencies of genetic markers among E. coli O157 : H7 strains from different isolation sources (food and human strains) were statistically evaluated using the chi-squared test in order to identify the variation in distribution of genetic markers among different isolation sources. Multivariate binary logistic regression analysis was performed to elucidate the most distinctive genetic marker that can be used to trace clinical-biased strains from food sources. Non-parametric correlation tests including Spearman's rho rank correlation, Pearson's correlation and Kendall's tau-b at two-tailed significance level were performed to determine the relationships between various genotyping methods.
RESULTS
Lineage-specific polymorphism assay (LSPA-6) LSPA-6 typing of E. coli O157 : H7 strains from human and food sources revealed that 70.6 % of tested strains belonged to lineage I/II (LSPA-6 211111). A total of 33 (19.4 %) strains belonged to lineage II exhibiting 16 different LSPA-6 designations (Table S2) . Lineage I (LSPA-6 111111) was the least frequent lineage recovered from tested strains (10 %) ( Table 1) . Lineage II was detected in significantly higher frequency among food strains compared to human strains [x 2 5 9.72, degree of freedom (df)51, P,0.002]. On the other hand, no significant differences in distribution frequencies of lineages I and I/II among food and human strains were detected.
Clade typing
Clade typing assay identified seven different clades among E. coli O157 : H7 strains (clades 2, 3, 5, 6, 7, 8 and 9). Clades 5, 7 and 8 collectively represented 82.3 % (140/170) of E. coli O157 : H7 strains analysed. Clade 8 was found in a significantly higher frequency among human strains compared to food strains (x 2 55.882, df51, P,0.02) and the opposite was true for clade 7, which was detected in a significantly higher frequency among food strains compared to human strains (x 2 512.5, df51, P,0.001) ( Table 1) .
tir (A255T) polymorphism analysis
In total, 81.2 % (138/170) of E. coli O157 : H7 strains analysed possessed the tir (255T) allele. The tir (255A) occurred more frequently in food strains compared to human strains (34.3 % and 8 %, respectively). On the other hand, tir (255T) was significantly more frequent in human clinical strains (92 %) compared to food strains (65.7 %) ( Table 1) .
SBI genotyping
Characterization of the Shiga toxin-encoding bacteriophage insertion sites identified eight unique SBI genotypes ( 511.46 df51, P,0.001) and the combined presence of both alleles was detected at significantly higher frequency in human strains compared to food strains (x 2 55.128, df51, P,0.03). On the other hand, no significant variation in the distribution of Q 933 among food and clinical strains was observed (P.0.1). Screening strains for stx 2 variants (stx 2a and stx 2c ) identified 61 (35.9 %) strains carrying stx 2a , 76 (44.7 %) strains carrying stx 2c and 29 (17 %) carrying both variants (stx 2a +stx 2c ) ( Table 1) . Four strains (including three human strains) carried neither of the two variants. While stx 2a was detected at significantly higher frequency in human strains compared to food strains (x 2 56.125, df51, P,0.02) and the same for stx 2a+c (x 2 57.30, df51, P,0.03), stx 2c was detected at higher frequency in food strains compared to human strains (x 2 529.08, df51, P,0.001). 1 (1.4 %) 3 (3 %) 4 (2.4 %) *Significant dissimilar distribution frequencies between human and food strains are indicated in boldface. LII, clade 7, tir (255A), Q 21 and stx 2c were detected in a significantly higher frequency among food strains than human strains. On the other hand, tir (255T), clade 8, Q 933+ Q 21 , stx 2a and stx 2a+c were detected in significantly higher frequencies among human strains than food strains, suggesting the epidemiological importance of the latter genotypes as potential risk markers for human illness from food sources. NT, Non-typed.
Bivariate associations between LSPA-6 genotyping and other genotyping methods
Pearson's correlation, Kendall's tau-b and Spearman's rho tests revealed statistically significant correlations (P,0.01) between LSPA and clade typing, tir (A255T), as well as Q gene variants. It is worth noting that statistical confidence levels differ between Kendall's tau-b and Spearman's rho correlation (two-tailed confidence levels of 95 %) and Pearson's correlation (two-tailed confidence level of 99 %). Accordingly, the high statistically significant (P,0.001) correlations were observed between LSPA-6 and clade typing at 99 % confidence level (based on Pearson's correlation) as well as between LSPA-6 and tir (A255T) at 95 % confidence levels (based on Kendall's tau-b and Spearman's rho correlation tests) ( Table 2 ). All clade 8 strains belonged to lineage I/II and the remaining lineage I/ II strains belonged to clades 5, 6 and 7. All clade 3 strains belonged to lineage I, and all clade 6 strains belonged to lineage I/II. Clade 7 was mostly distributed between lineages II (59.6 %) and lineages I/II (40.4 %) and was absent in lineage I (Table S3 ). On the other hand, tir (255A) was absent in lineage I strains, was present at lower frequency in lineage I/II (18.7 %) and was dominant in lineage II (81.3 %). Furthermore, tir (255T) carrying strains were dominant in lineage I/II (82.6 %), followed by lineage I (12.4 %) and lineage II (5 %) (Table S4 ). Further significant association between LSPA-6 and Q 933 /Q 21 was observed (P,0.001) where the Q 21 allele was present at high frequency among lineage I/II strains (78.9 %) and all strains carrying the Q 933+ Q 21 alleles belonged to the same lineage. On the other hand, the Q933 allele was mostly distributed between lineages II and I/II (55.8 % and 42.3 %, respectively), but lineage I accounted for only 1.9 % of strains with this allele (Table S4 ). In addition, a significant association between stx 2 variants and LSPA-6 genotypes revealed that most stx 2a , stx 2c and stx 2a+c carrying strains belonged to lineage I/II (72.1 %, 60.5 % and 96.6 %, respectively) and both stx 2c and stx 2a+c were totally absent in lineage I that was only associated with stx 2a . Moreover, stx 2a was absent in lineage II (Table S4) . Finally, most SBI genotypes 1, 3 and 5 belonged to lineage I/II, lineage I and lineage II, respectively (82.2 %, 94.4 % and 80 %, respectively) (Table S5) .
Multivariate binary regression analysis
Multivariate binary regression analysis using the dataset of the genetic markers performed in this study was applied to elucidate the most distinctive genetic markers that can be used to predict clinical-biased strains from food sources. Multivariate analysis revealed that tir (255T) was the genetic marker that showed significant difference between human and food strains (P,0.05) ( Table 3 ).
DISCUSSION
The current study was addressed to compare the frequencies of distribution of different genetic markers among E. coli O157 : H7 strains recovered from human and food sources. This analysis has been suggested to be crucial in monitoring different genotypes that might confer a high risk for virulence and/or transmission potential to humans (Mellor et al., 2013) . Characterization of lineage types among E. coli O157 : H7 strains in Belgium revealed higher prevalence of lineage I/II among E. coli O157 : H7 strains analysed (70.6 %). This finding is consistent with previous studies that reported the higher frequency of distribution of this lineage among tested E. coli O157 : H7 strains from the Netherlands (55.1 %), Argentina (90 %) and Australia (88 %) (Franz et al., 2012; Mellor et al., 2012) . This lineage has been shown to share characteristics of both lineage I and lineage II, but has been presented to cause human illness at frequencies similar to those of lineage I strain and includes a hyper-virulent isolate of which multistate 'spinach' outbreak strains are representative Ziebell et al., 2008) .
Clade 8 strains were observed to be more significantly overrepresented among human clinical strains than food strains. To the best of our knowledge, this is the first study that reported the identification of clade 8 strains in Belgium. Moreover, a strong association between clade 8 and lineages I/II was observed where all clade 8 strains were represented by lineage I/II and were absent in the other lineages. A similar observation was reported by other studies Liu et al., 2009; Hartzell et al., 2011) supporting the previous postulation that within lineage I/II, certain clades are more virulent and are responsible for more frequent and severe diseases than others Vanaja et al., 2010) . Furthermore, these findings provided more evidence that clade 8 might be used as a useful surrogate genotype for the highly virulent lineage I/II strains. Our results revealed that the remaining lineage I/II strains were representatives of clades 5, 6 and 7. Clade 6 and 7 strains have been previously noted among US O157 strains that were designated to be represented by lineage I/II (Liu et al., 2009) . To the best of our knowledge, this study provides the first evidence of clade 5 association with lineage I/II. Clade 7 was less frequent among human isolates than food strains, supporting the previous postulation that clade 7 is considered as of limited clinical relevance compared to clade 8 (Vanaja et al., 2010) .
While tir (255T) was overrepresented among human clinical strains, tir (255A) was found more frequently among food strains. Comparisons of lineage and tir SNP data revealed that tir (255A) was more associated with lineage II, while tir (255T) was associated at higher frequency with lineage I/II. A similar correlation between LSPA-6 and tir (A255T) has been reported in other studies (Arthur et al., 2013; Mellor et al., 2013) , suggesting that tir (A255T) might be used as a useful predictor of lineage and as a promising indicator for potential pathogenic strains. Future experiments should be directed to analyse strains harbouring different alleles at position 255 of the tir gene for human intestinal colonization.
Although SBI sites have been previously utilized to identify variations between clinical and non-clinical strains of E. coli O157 : H7 (Besser et al., 2008; Shaikh & Tarr, 2003) , non-significant variation in the distribution of SBI genotypes among food and human strains was observed. SBI genotype 1 was the most frequent genotype present among tested strains, highlighting the potential epidemiological importance of this SBI genotype in Belgium. In contrast to the higher prevalence of SBI genotype 3 among human clinical E. coli O157 : H7 strains in the USA (Besser et al., 2008) , the results of the current study revealed a lower frequency of SBI genotype 3 among human clinical strains (8.6 %), suggesting the possible limited epidemiological significance of this genotype in Belgium. (Beutin et al., 2007; Eklund et al., 2001; Friedrich et al., 2002) . The Q 933 variant of the antiterminator gene Q is located upstream of the stx 2 gene, resulting in relatively high expression of the latter (Wagner et al., 2001) , and was initially reported as a useful human risk indicator (Lowe et al., 2009) . In Belgium, no significant difference was observed in the distribution of Q 933 among food strains and human clinical strains, suggesting that Q 933 might not be considered as a useful marker in detecting clinical-biased strains in Belgium. In addition, stx 2a and stx 2c were detected at significantly higher frequencies among human clinical and food strains, respectively. These results supported recent epidemiological studies that demonstrated higher association between stx 2a and clinical outcome, as compared to stx 2c (Andersson et al., 2011; Beutin et al., 2007; Persson et al., 2007) . In the present study, a strong correlation between stx 2a /stx 2c genotypes and LSPA-6 genotypes was observed, supporting a recent postulation that both lineage types, together with stx genotype, may be informative surrogate markers for epidemiological and evolutionary investigations (Stanton et al., 2014) .
Multivariable logistic regression analysis was used to incorporate the confounding effects affecting variation in genotypes analysed. Our results revealed that tir (255T) was the only genetic marker that exhibited significant association with the isolation source (P,0.05), suggesting that STEC O157 : H7 genotypes from human and food sources tir (255T) is the most distinct genotype that can be used to track human-relevant strains from food sources.
In conclusion, our analyses of Belgian E. coli O157 : H7 strains demonstrated a significant difference in distribution frequencies of genotypes between human and food strains. Our findings supported the growing epidemiological evidence of the existence of genetic markers that are overrepresented among E. coli O157 : H7 clinical strains and that are important determinants of human infection risk. Therefore, our results may have major implications in the development of effective control measures for foodborne STEC O157 : H7, which should be specifically directed against pathogenic bacterial clones responsible for human infections. Our results might also contribute to international monitoring of E. coli O157 : H7 genotypes associated with high virulence and increased infectivity potential. Consequently, our future studies will be directed to verify the obtained results using animal models to delineate the function of these genetic markers with the clinical outcome and disease incidence. Furthermore, it is worth noting that the advent of next-generation sequencing has provided a rapid increase in sequenced bacterial genomes, which can replace PCR-based typing in providing more information on the phenotypic and genotypic differences between strains that would allow better identification of increased virulence and transmissibility between strains and for tracking an ongoing outbreak that can be used in phylogenetic and evolutionary applications.
